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Description

The present invention relates to corrosion monitoring.

It is known that corrosion is an electrochemical phenomena and as such measurements of electrochemical
parameters associated with corrosion processes may be used to estimate the rate of corrosion attack. Methods
which have been used in the past and are known and well documented include the linear polarisation resistance
method in which a dc signal is applied to a corroding cell consisting of two or three electrodes and the resulting
dc polarisation is monitored. Provided the applied current is small so that the potential shift is less than 20 mV
the response is linear in most cases and the measured resistance (termed the polarisation resistance) may be
related inversely to the rate of the uniform corrosion attack. Other techniques include the application of
electrochemical impedance in which a sine wave current is applied, in a similar manner to the linear polarisation
technique, and the sine wave potential resulting from the applied current is monitored. Alternatively, a pseu-
do-random noise signal can be applied and the electrochemical impedance obtained by time domain transfor-
mations. Again, provided the current is small enough such that the resulting cell potential is not more than +20
mV, the response is linear. Corrosion includes capacitive components, and therefore if the frequency of the
applied signal is varied the resulting output signal is also varied: hence by inputting a range of frequencies a
range of outputs may be obtained and these may be suitably analysed to provide information corresponding
to the solution resistance, the corrosion kinetics and other aspects including electrochemical double layer
capacity, diffusion effects and absorption of intermediates on the surface. The corrosion rate is then estimated
by use of the calculated charge transfer resistance from the electrochemical impedance data in a manner
essentially the same as for linear polarisation resistance.

Both the above electrochemical techniques, whilst widely used, suffer severe limitations in that they can
only provide information on uniform corrosion conditions, that is by their very nature they provide an average
signal for the surface of the electrodes being monitored. However, depending upon the type of environment,
the metallic material and type of corrosion occurring, it is often found that the assumption that the corrosion
rate is proportional to the measured charge transfer or polarisation resistance is invalid since the corrosion is
of alocalised nature. Afurther complication arises from the interference effect of solution resistance which may
be variable during the measurement period or of a high value thereby altering the observed measurements.

In order to overcome the above limitations the use of electrochemical noise analysis has been applied and
shown to be successful particularly for localised corrosion involving breakdown of a passive film. Essentially
electrochemical noise analysis consists of the measurement and analysis of small frequency, small amplitude
random fluctuations in the corrosion potential of a corroding electrode. Suitable analysis is by means of fre-
quency response analysis using Fast Fourier Transforms or Maximum Entropy Spectral Analysis, or by suitable
filtering of the signal through a band pass system centred at 50 mHz £10 mHz and the subsequent calculation
of the root mean square of the filtered signal. US Patent 4,575,678 describes such techniques. Previous experi-
ence has shown that this analysis may yield information as to both corrosion type and corrosion rate.

Another electrochemical measurement system which has been successfully applied in corrosion studies
is the monitoring of coupling currents between dissimilar electrodes, for example, copper and steel electrodes,
for measurement of corrosion phenomena. However, useful information can be obtained using similar elec-
trodes of identical material, particularly when the system is moving from a general to a localised corrosion form
of attack. In this instance two similar electrodes immersed in a conductive media are coupled via a zero resi-
stance ammeter (null impedance ammeter). Such a system enables the current flowing in the network to be
determined whilst imparting substantially zero resistance to the current path. Experience has shown that in
cases where pitting corrosion occurs, one electrode will preferentially become anodic (that is it will pit) whilst
the other electrode will become preferentially cathodic (that is provide an increased current to maintain the pit-
ting of the other electrode). The degree or otherwise of discontinuity between the two electrodes may be related
to the extent of corrosion. The method is therefore useful in identifying when corrosion changes from uniform
to localised corrosion. With uniform corrosion conditions, the corrosion current may be related to the mean
coupling current |4, by the following:-

Icorr = k1|mean

where k; is a system related constant.

Also by combining the coupling current analysis with electrochemical noise analysis further information
may be obtained. For example, two similar electrodes are coupled together via a zero resistance ammeter and
the output of the zero resistance ammeter is then passed to the input of the electrochemical noise analysis
system. In this way the fluctuation of the coupling current may be analyzed in essentially a similar manner as
for electrochemical potential noise analysis described previously. By suitable configuration of electrodes and
analysis equipment it is possible to obtain simultaneously both electrochemical potential noise data and cou-
pling current data and electrochemical current noise data. Experience has shown that the rms or standard devi-
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ation values of both the electrochemical potential noise (termed V,)) and the electrochemical current noise (ter-
med |,) can be related using Ohm'’s law to produce a resistance noise value (termed R,) as the frequency
approaches zero Hz. Alternatively the impedance (termed Zn ) may be described as a function of frequency
by means of correlation of |, and V,, using frequency response analysis. This value appears to be related to
the corrosion rate and has been considered as analogous to both the charge transfer resistance and polaris-
ation resistance as noted previously.

German Patent Specification No. DE-A-1804234 discloses a method for measuring the type of corrosion,
i.e. localized corrosion, wherein the coupling current between two electrodes of the same material is measured.

It is an object of the present invention to provide a method and apparatus for improving the accuracy with
which the type of corrosion attacking a particular metallic material can be assessed.

According to the present invention there is provided an apparatus for detecting localised corrosion of a
metallic surface, comprising an array of two or more electrodes fabricated from the same material as the metal-
lic surface and exposed to the same corrosion conditions as the metallic surface, means for measuring the
coupling current between two or more electrodes of the array, means for measuring electrochemical current
noise originating in the electrode array, and means for comparing the coupling current with the electrochemical
current noise to provide an output indicative of the degree to which corrosion is localised.

The greater the electrochemical current noise as compared to the coupling current, the greater is the deg-
ree to which corrosion is localised.

Preferably, the apparatus also comprises means for measuring the electrochemical potential noise origi-
nating in the electrode array, means for correlating the electrochemical potential noise and the electrochemical
current noise to provide a resistive/impedance noise related output, and means for comparing the said output
indicative of the degree to which corrosion is localised with the resistive/impedance noise output to provide an
output indicative of the rate of localised corrosion.

The present invention also provides a method for detecting localised corrosion of a metallic surface, whe-
rein an array of electrodes fabricated from the same material as the metallic surface is exposed to the same
corrosion conditions as the metallic surface, the coupling current between two electrodes of the array is
measured, electrochemical current noise originating in the electrode array is measured, and the coupling cur-
rent is compared with the electrochemical current noise.

The present invention is particularly useful for detecting corrosion resulting in the formation of pits, but
can also be used to detect other forms of localised corrosion, for example stress corrosion cracking, or crevice
attack. Furthermore, variations in the ratio between coupling current and electrochemical current noise is also
indicative of changes occurring in corrosion processes. Such changes can occur for example when the chem-
ical composition of a fluid to which the electrodes are exposed varies, and detection of such changes makes
it possible to assess the affects on corrosion processes of adjustments to the operation of the system being
monitored.

An apparatus providing outputs suitable for use in accordance with the present invention is illustrated in
the attached drawing.

Referring to that drawing, three electrodes 1, 2 and 3 are positioned so as to be exposed to the same cor-
rosion conditions as a metallic surface (not shown) the corrosion of which is to be monitored. In the drawing
these conditions are indicated by a tank 4 filled with a corrosive liquid 5.

Electrodes 1 and 2 are connected to an electrochemical potential noise monitoring apparatus 6 which pro-
vides on output 7 an output signal representative of V,,, that is the rms or standard deviation of the potential
noise. The electrochemical potential noise may be monitored as shown by a circuit connected between the
coupled electrodes 2 and 3 and a third electrode 1 of the array. Areference electrode or relatively inert electrode
could be used rather than the third electrode of the array. A zero resistance ammeter 8 is connected across
electrodes 2 and 3 and produces on output 9 an output signal corresponding to l,.an, that is the dccoupling
current.

The output 9 is connected to an electrochemical current noise measuring apparatus 10 which provideson
output 11 an output signal corresponding to |, that is the rms or standard deviation of the current noise. The
outputs 7 and 11 are applied to a circuit 12 for comparing the electrochemical potential noise and the
electrochemical current noise. The circuit 12 provides on output 13 an output signal R,, or | Zn| which is the
resistive or impedance noise and is equal to V,/I,. The output 13 is effectively indicative of the overall rate of
corrosion.

The illustrated structure provides effectively four outputs each of which varies in a manner that is indicative
of the rate and/or nature of the corrosion attack to which the electrodes 1, 2 and 3 are exposed. It has now
been realized that in accordance with the present invention if a comparison is made between the signals appear-
ing on outputs 9 and 11 that comparison yields important information as to the nature of the corrosion attack.
Accordingly in accordance with the present invention a comparator circuit 14 is connected to outputs 9 and 11
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and provides on output 15 an output signal which is representative of |/l ean-

Output 15 results from the comparison of the mean (or dc) coupling current (le4n) to the rms or standard
deviation values of the electrochemical current noise (l,), and is indicative of the degree or otherwise of the
localised behaviour during corrosion attack. That is, a low value of the ratio |.:l .4, is indicative of general cor-
rosion, whilst high values of the ratio are indicative of localised corrosion. More specifically a ratio of greater
than 1 is indicative of complete localised corrosion during pitting. The following relationships have been found

to apply:

0.001 < 1/l pean < 0.01 General Corrosion
0.01 < l/lpean < 0.1 Mixed Corrosion
0.1 < l/lyean < 1.0 Localised Corrosion
1.0 < I /lean Initiation of pits

It should be stressed that in accordance with the present invention no dc or ac potentials are applied be-
tween the electrodes and accordingly measurements are conducted under the natural conditions. This is a fun-
damental distinction between the present invention and prior art systems in which it has been known to apply
a dc current at constant potential via a potentiostat to an electrode array and then to look at variations in the
applied current resulting from electrochemical corrosion effects.

A further circuit 16 is provided which compares the output 13 (overall corrosion rate) with the output 15
(degree to which corrosion is localised) and produces an output 17 which is indicative of the rate of localised
corrosion. Thus, the information yielded from application of the present invention in combination with infor-
mation available from the various outputs provided in the arrangement illustrated in the accompanying drawing
makes it possible to accurately determine both the rate and nature of a particular corrosion process.

Further equations relevant to an understanding of the present invention are set out below. In these equa-
tions the following terms are used:

Vi Electrochemical Potential Noise (volts)
I : Electrochemical Curent Noise (amps)
lmean: Coupling Current - Mean (ZRA) (amps)
R,: Resistance Noise = V. /I, (ochm)
leorr : Corrosion Current (amps)
Zn| : Complex impedance (ohm) derived from V, /I,
K,kq,ko, Constants

(a) Corrosion Rate

The corrosion rate may be described by each of the two following equations:

lor=  KofRp = ko 1V, = kof | Zn |
Icorr = k1 Imean
Thus an improved estimate of |, is given by
leorr = VM (Geometric mean of two systems)

Vh
where k = k4 ks

(b) Corrosion Type

e =Iog (Imeanlln)
ks
0 =1 General corrosion
0 = 0 Pure localised corrosion

ks System dependent constant
(c) Penetration Rate

l.orr @s calculated in (a) gives average corrosion across electrode surface in order to calculate Penetration
Rate (X).
|
X = corr
Ao
where A is electrode area and 0 is 'active surface ratio’ as calculated in (b).
In all cases constants are determined experimentally.
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(d) An alternative approach is as follows

Monitor IX('mean)y Im VDC(Vmean)1 Vn

For general attack ratio II—" is small, estimate lower limit to be approx 10-3.
DC

For pitting corrosion, single pit II—" ~|, (can be greater than I). particularly if the fluctuations occur around
DC

zero - this is uncommon but is related to initiation and propogation of fresh pits.
Normally calculate polarisation resistance from correlated potential and current signals, for noise say

Vo o Rp (ohm)

In
Standard practice to correct for area of specimen and to normalise to A.cm2.

\'
A(total) X I—n = Rp Q.cm?
n

To correct for area being attacked, modify A

Ioc
Apeay = Agotay X T X 10-8

In

o
(l.e. if ﬁ =107 A(rea|) = A(total)! etC.)

IDC
Rp(real) = A(total) X —I 2 x 10-3 x Vn. Q.cm?
n

and

1,2

g
oot = B (g o XToe X 109XV,

) amps cm—2

|3utvnou3(vE = K)
n

1.2
A n

leorr (A(total) X IDC x 10-3
K depends on frequency at which measurements taken, but for "standard" pitting can approximate to 3x103 (by

assuming V, = 10uV when B = 30mV).

) amps cm—2

1.2

= 6(__ N -2
icorr = 3 x 108 ( Py X IDC) amps cm
now hla_nc = coefficient of variation (]
o = 3% 108 (25
total)
Meauring |, and Ipc and knowing A calculate penetration rates
e.g.
I, =10-2 Amps
A =10 cm?
C =1
icorr _3X106X10_9X1
10
Pitting

=3 x 10 Amps cm? (at pit)
= 300pA cm2 (+ ipc~ 10~ Amps)

= 150 mpy (for steel) (1 mpy =

I, =102

A=10

c=103
Uniform

1 . =
1000 inch per year = 0.0254 mm per year)

icc’"_3x 106 x 102x 103
10

=3x10-7

=0.3 pAcm2
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= 0.15 mpy for steel (1 mpy = 0.0254 mm per year)

e.g.
I, =10-7 Amps
A =10 cm2
C =0.1
icorr _3x108x107x0.1
10

=3 x 10-3 amps cm2

= 1500 mpy (for steel) (1 mpy = 0.0254 mm per year)
Ioc =~ 10~ amps
Uniform
Cc= 10-3,in=10"7,A=10
icorr 3 x 10-5 amps cm2

15 mpy (1 mpy = 0.0254 mm per year)
Ipc = 104 amps
IDC > ;icorr
Claims

1. An apparatus for detecting localised corrosion of a metallic surface, comprising an array of two or more
electrodes (1,2,3) fabricated from the same material as the metallic surface and exposed to the same corrosion
conditions as the metallic surface, and means (8) for measuring the coupling current between two or more elec-
trodes of the array, characterized in that means (10) are provided for measuring electrochemical current noise
originating in the electrode array, and means (14) are provided for comparing the coupling current with the
electrochemical current noise to provide an output indicative of the degree to which corrosion is localised.

2. An apparatus according to claim 1, comprising two electrodes (2,3), a zero resistance ammeter (8) con-
nected between the two electrodes and providing an output corresponding to the dc coupling current between
the electrodes, an electrochemical current noise measuring apparatus (10) connected to the output of the zero
resistance ammeter and providing an output corresponding to the current noise, and a comparator (14) con-
nected to the outputs of the zero resistance ammeter and the electrochemical current noise measuring
apparatus and providing an output corresponding to the relative magnitudes of the dc coupling current and the
current noise.

3. An apparatus according to claim 1, comprising means (8) for measuring the electrochemical potential
noise originating in the electrode array, means (12) for correlating the electrochemical potential noise and the
electrochemical current noise to provide a resistive/impedance noise related output, and means ( 16) for com-
paring the said output indicative of the degree to which corrosion is localised with the resistive/impedance noise
output to provide an output indicative of the rate of localised corrosion.

4. An apparatus according to claim 2, comprising an electrochemical potential noise measuring apparatus
(6) connected between the said two or more electrodes (1,2) and a further electrode, a correlator (12) connected
to the outputs of the electrochemical current measuring apparatus and the means for measuring the
electrochemical current noise, and a comparator 16 connected to the output of the correlator and the said output
indicative of the degree to which corrosion is localised.

5. Amethod for detecting localised corrosion of a metallic surface, wherein an array of electrodes (1,2,3)
fabricated from the same material as the metallic surface is exposed to the same corrosion conditions as the
metallic surface, and the coupling current between two electrodes of the array is measured, characterized in
that electrochemical current noise originating in the electrode array is measured, and the coupling current is
compared with the electrochemical current noise to provide an output indicative of the degree to which corro-
sion is localised.

6. A method according to claim 5, wherein the electrochemical potential noise originating in the electrode
array is measured, the resistive/impedance noise is measured by comparison of the electrochemical current
noise with the electrochemical potential noise, and the resistance/impedance noise is compared with the said
output indicative of localised corrosion to provide an output indicative of the rate of localised corrosion.
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Patentanspriiche

1. Gerat zum Nachweis Ortlicher Korrosion einer Metalloberflache, bestehend aus einer Anordnung von
zwei oder mehr Elektroden (1,2,3), die aus dem gleichen Material wie die Metalloberflache gefertigt sowie den
gleichen Korrosionsbedingungen wie die Metalloberflache ausgesetzt sind, sowie Vorrichtungen (8) zur Mes-
sung des Kopplungsstroms zwischen zwei oder mehr Elektroden der Anordnung, dadurch gekennzeichnet, da®
Vorrichtungen (10) zur Messung des von der Elektrodenanordnung ausgehenden elektrochemischen Strom-
rauschens vorgesehen sind, und daf Vorrichtungen (14) zum Vergleich des Kopplungsstroms mit dem elek-
trochemischen Stromrauschen vorgesehen sind, um einen auf das Ausmal der &rtlichen Begrenzung der
Korrosion hindeutenden Ausgang zu liefern.

2. Gerat nach Anspruch 1, bestehend aus zwei Elektroden (2,3), einem zwischen die beiden Elektroden
geschalteten widerstandsfreien Amperemeter (8), das einen dem zwischen den Elektroden bestehenden gal-
vanischen Kopplungsstrom entsprechenden Ausgang liefert, einem mit dem Ausgang des widerstandsfreien
Amperemeters verbundenen MefRgerét (10) fiir elektrochemisches Stromrauschen, wobei das MeRgerét einen
dem Stromrauschen entsprechenden Ausgang liefert, und einem mit den Ausgéngen des widerstandsfreien
Amperemeters und des MelRgeréats fiir elektrochemisches Stromrauschen verbundenen Komparator (14), der
einen den relativen Betrdgen des galvanischen Kopplungsstroms und des Stromrauschens entsprechenden
Ausgang liefert.

3. Gerét nach Anspruch 1, bestehend aus Vorrichtungen (6) zur Messung des von der Elektrodenanord-
nung ausgehenden elektrochemischen Potentialrauschens, Vorrichtungen (12) zur Korrelation des elektroche-
mischen Potentialrauschens mit dem elektrochemischen Stromrauschen, um einen auf den Wirk- bzw.
Scheinwiderstand bezogenen Rauschausgang zu liefern, sowie Vorrichtungen (16) zum Vergleich des besag-
ten auf das AusmaR der drtlichen Begrenzung der Korrosion hindeutenden Ausgangs mit dem Rauschausgang
von Wirk- bzw. Scheinwiderstand, um einen Ausgang zu liefern, der auf die Geschwindigkeit 6rtlicher Korrosion
hindeutet.

4. Gerét nach Anspruch 2, bestehend aus einem zwischen die besagten zwei oder mehr Elektroden (1,2)
und eine weitere Elektrode geschalteten MeRgerat (8) fiir elektrochemisches Potentialrauschen, einem mit den
Ausgéngen des MelRgeréts fiir elektrochemisches Stromrauschen und den Vorrichtungen zur Messung des
elektrochemischen Stromrauschens verbundenen Korrelator (12), sowie einem mit dem Ausgang des Korre-
lators und dem besagten auf das AusmaR der értlichen Begrenzung der Korrosion hindeutenden Ausgang ver-
bundenen Komparator 16.

5. Verfahren zum Nachweis &rtlicher Korrosion einer Metalloberfladche, wobei eine Anordnung von aus
dem gleichen Material wie die Metalloberfldche gefertigten Elektroden (1,2,3) den gleichen Korrosionsbedin-
gungen wie die Metalloberfldche ausgesetzt und wobei der Kopplungsstrom zwischen zwei Elektroden der An-
ordnung gemessen werden, dadurch gekennzeichnet, dall das von der Elektrodenanordnung ausgehende
elektrochemische Stromrauschen gemessen und der Kopplungsstrom mit dem elektrochemischen Stromrau-
schen verglichen werden, um einen auf das Ausmal der értlichen Begrenzung der Korrosion hindeutenden
Ausgang zu liefern.

6. Verfahren nach Anspruch 5, wobei das von der Elektrodenanordnung ausgehende elektrochemische
Potentialrauschen gemessen, das Rauschen von Wirk- bzw. Scheinwiderstand durch den Vergleich des elek-
trochemischen Stromrauschens mit dem elektrochemischen Potentialrauschen gemessen und das Rauschen
von Wirk- bzw. Scheinwiderstand mit besagtem auf értliche Korrosion hindeutenden Ausgang verglichen wer-
den, um einen Ausgang zu liefern, der auf die Geschwindigkeit &rtlicher Korrosion hindeutet.

Revendications

1. Appareil pour la détection de corrosion localisée d’'une surface métallique, comprenant un arrangement
de deux électrodes (1,2,3) ou plus fabriquées en la méme matiére que la surface métallique et exposées aux
mémes conditions de corrosion que la surface métallique, et un moyen (8) pour la mesure du courant de cou-
plage entre deux électrodes ou plus de I'arrangement, caractérisé en ce que des moyens (10) sont prévus pour
la mesure du bruit de courant électrochimique provenant de I'arrangement d’électrodes, et des moyens (14)
sont prévus pour la comparaison du courant de couplage et du bruit de courant électrochimique pour fournir
une sortie indicative du degré auquel la corrosion est localisée.

2. Appareil selon la revendication 1, comprenant deux électrodes (2,3), un ampéremétre (8) a résistance
zéro relié entre les deux électrodes et fournissant une sortie correspondant au courant de couplage direct entre
les électrodes, un appareil (10) de mesure de bruit de courant électrochimique relié a la sortie de 'ampéremétre
arésistance zéro et fournissant une sortie correspondant au bruit de courant, et un comparateur (14) relié aux
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sorties de 'amperemétre a résistance zéro et a I'appareil de mesure de bruit de courant électrochimique et
fournissant une sortie correspondant aux grandeurs relatives du courant de couplage direct et du bruit de cou-
rant.

3. Appareil selon la revendication 1, comprenant un moyen (8) pour la mesure de bruit de potentiel élec-
trochimique provenant de I'arrangement d’électrodes, un moyen (12) pour corréler le bruit de potentiel élec-
trochimique et le bruit de courant électrochimique pour fournir une sortie se rapportant au bruit de
résistance/d’impédance, et un moyen (16) pour la comparaison de ladite sortie indicative du degré auquel la
corrosion est localisée et la sortie de bruit de résistance/d’impédance pour fournir une sortie indicative de la
vitesse de la corrosion localisée.

4. Appareil selon la revendication 2, comprenant un appareil (6) de mesure de bruit de potentiel électro-
chimique relié entre lesdites deux électrodes (1,2) ou plus et une électrode supplémentaire, un corrélateur (12)
relié aux sorties de I'appareil de mesure de courant électrochimique et du moyen pour la mesure du bruit de
courant électrochimique, et un comparateur 16 relié a la sortie du corrélateur et a ladite sortie indicative du
degré auquel la corrosion est localisée.

5. Méthode de détection de corrosion localisée d’une surface métallique, dans laquelle un arrangement
d’électrodes (1,2,3) fabriquées en la méme matiére que la surface métallique est exposé aux mémes conditions
de corrosion que la surface métallique, et le courant de couplage entre deux électrodes de I'arrangement est
mesuré, caractérisée en ce que le bruit de courant électrochimique provenant de I'arrangement d’électrodes
est mesuré, et le courant de couplage est comparé au bruit de courant électrochimique pour fournir une sortie
indicative du degré auquel la corrosion est localisée.

6. Méthode selon la revendication 5, dans laquelle le bruit de potentiel électrochimique provenant de
I'arrangement d’électrodes est mesuré, le bruit de résistance/d’impédance est mesuré par la comparaison du
bruit de courant électrochimique et du bruit de potentiel électrochimique, et le bruit de résistance/d’ impédance
est comparé a ladite sortie indicative de corrosion localisée pour fournir une sortie indicative de la vitesse de
la corrosion localisée.
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